The Origins of the Myogenic Lineage: Dividing up the Mesoderm It may be apocryphal but there is a widely held belief among fly enthusiasts that the Drosophila larva has more
The mesoderm in the fly is formed by the most ventral cells of the blastoderm stage embryo, which are set muscles than a human being. Of course, it all depends on how you count the muscles, but it is undeniable aside by the operation of the maternally acting axial patterning gene dorsal (Chasen and Anderson, 1993) . that the Drosophila larva equips itself with a remarkably complex muscle pattern (Bate, 1993; Abmayr et al., 1995) .
As the embryo gastrulates, these ventral cells invaginate and migrate dorsally, coating the inner surface of the This pattern originates during a brief period of early development when the embryonic fly first subdivides its ectoderm (Leptin and Grunewald, 1990) . Several different cell types subsequently arise from these cells, including mesoderm into the progenitors of different internal structures and, thereafter, in a remarkable process the muscles of the gut (visceral muscles), the body wall muscles (somatic muscles), the heart and the fat body whereby individual muscles are seeded and specified from the cells of the myogenic lineage. Recent work has (Bate, 1993) . Thus, the allocation of cells to the somatic muscle lineage is part of a more general process in fleshed out details of both these processes and reveals similarities and differences in the development of the which mesodermal segments, like vertebrate somites, are divided up to form the progenitors of several different muscles of flies and vertebrates. Like vertebrate embryos, flies divide their mesoderm into segmental units tissues. Initially, the internal layer of mesodermal cells is rather and the diversification of these units is influenced by Figure 1 . Homologous Signaling Pathways Operate in Patterning the Drosophila Mesodermal Segment and the Vertebrate Somite (A) Schematic representation of the early signaling events involved in the patterning of a Drosophila mesodermal segment. The unpatterned mesoderm (yellow) receives different signals from the overlying ectoderm. Dorsal ectodermal cells express Dpp, a member of the TGF␤ family of secreted molecules (green). Dorsal mesodermal cells that receive Dpp and Hedgehog (Hh, light blue) from the ectoderm will form visceral mesoderm (vm) in the even-skipped functional domain (eve), whereas ventral cells are committed to generate part of the fat body (fb) and other mesodermal tissues. On the other hand, the most dorsal mesodermal cells in the sloppy paired functional domain (slp) that are under the influence of Wingless (Wg, graded purple) and Dpp, will form heart (h). The remaining cells in the slp domain will form somatic mesoderm (sm) under the influence of Wg (dorsal and ventral cells) and Dpp (dorsal cells). (B) Scheme of similar interactions that occur during the patterning of a mouse somite (modified from Tajbakhsh and Cossu, 1997). The newly formed somites (S) are under the influence of signaling molecules (BMPs, Wnts, and Shh) from the lateral mesoderm (LM), dorsal ectoderm (DE), neural tube (NT), and notocord (NC). The integration of these signals subdivides the somite into dermis, the dorsal and ventral myotome, and sclerotome.
uniform. For example, all cells express the transcription cells fail to reach the dorsal margin of the ectoderm and their registration in the anterior-posterior axis breaks factor Twist (Thisse et al., 1988) and its immediate tardown. The result is a widespread disruption of mesodergets, Tinman (tin) (Bodmer et al., 1990; Yin et al., 1997) mal differentiation, with, in particular, a loss of those and DMef2 (Lilly et al., 1994; Nguyen et al., 1994; Taylor dorsal mesodermal derivatives (heart, visceral, and doret al., 1995) . Relatively quickly however, the invaginated sal somatic muscles) that require activation of the Dpp cells are subdivided into a series of units from which signaling pathway for their induction. the progenitors of different mesodermal tissues will be It is within this framework that cells of the slp domain formed (Dunin Borkowski et al., 1995; are allocated to form somatic muscles and, as indicated 1996; Riechmann et al., 1997) . As in a vertebrate embryo, above, most require the Wingless (Wg) signal to do so this subdivision in the fly mesoderm is accomplished in (Figure 1 ; Baylies et al., 1995) . Wg acts to amplify distincpart by signals that are received from adjacent cells, in tions between cells of the eve and slp domains and in this case different regions of the overlying ectoderm the case of the myogenic lineages does so, at least in (Bate and Baylies, 1996; Azpiazu et al., 1996; Tajbakhsh part , by maintaining high levels of Twist in the cells of and Cossu, 1997; Figure 1 ). An inductive signaling mechthe slp domain (Bate and Rushton, 1993) . Differences anism of this kind was already indicated by the embryoin Twist expression between eve (low levels) and slp logical experiments done in the 1930s by Bock, which (higher levels) domains first become apparent after gaswere influenced by the work of Spemann (Bock, 1941) .
trulation as the mesoderm is subdivided by pair-rule These were then reinforced by evidence that in embryos gene expression. Recent work shows that these reguwhere gastrulation is arrested (Baker and Schubiger, lated differences in Twist expression across the seg-1995) or mesodermal migration inhibited (Gisselbrecht ment are a crucial element in assigning cells to somatic et al., 1996; Beiman et al., 1996; Maggert et al., 1995) , myogenesis (Baylies and Bate, 1996) . The evidence for the fate of the mesoderm that forms is related to the Twist's decisive role comes from experiments where the region of the ectoderm with which it is associated. level of Twist expression has been uniformly raised or More recent work shows that as the mesodermal cells lowered across the mesoderm as it develops. For exammigrate dorsally, they come under the influence of the ple, ectopic expression of abnormally high levels of TGF␤ family member, Decapentaplegic (Dpp) (Figure 1 ;
Twist inhibits the development of derivatives such as Staehling-Hampton et al., 1994; . At this visceral mesoderm progenitors and promotes the forstage, Dpp is expressed in a dorsal band of ectodermal mation of somatic muscle in their place. Gain-of-funccells and acts on underlying mesodermal cells to maintion experiments such as these are matched by the tain the expression of tin and repress the expression of observation that when levels of Twist are reduced, soventrally expressed genes such as pox meso. Thus, the matic myogenesis is deranged (Baylies and Bate, 1996) . inductive effect of Dpp signaling divides the mesoderm Interestingly, homologs of Twist in vertebrates may have into dorsal and ventral sectors. At the same time, the a similar role in partitioning the mesoderm, although mesoderm is partitioned along the anterior-posterior there is no evidence that they are involved in allocating axis of the embryo by the segmentation genes evencells to the myogenic pathway. Indeed, in the mouse, skipped (eve) and sloppy paired (slp) (Figure 1 ; Azpiazu Twist is excluded from the forming myotome but continet al., 1996; Riechmann et al., 1997) . The requirement ues to be expressed in other parts of the somite (Wolf for eve and slp divides each segment of the mesoderm et al., 1991). Evidence from cell culture experiments into two domains that give rise to different progenitor indicates that Twist can repress myogenesis in this syspopulations. The eve domain includes the progenitors tem (Hebrok et al., 1994) . Other vertebrate Twist family of the visceral mesoderm and the fat body, while the members, such as Scleraxis and slp domain produces the somatic muscles and the heart. Dermo-1 (Li et al., 1995) , are also excluded from the eve and slp are expressed in the ectoderm as well as myotome but are expressed in other regions such as the the early mesoderm, and their effects on mesodermal sclerotome and dermis, respectively, and these proteins patterning are direct (through activation and repression are implicated in the development of these mesodermal of genes such as bagpipe and tin; Azpiazu and Frasch, subtypes. Thus, if a comparison is to be made, the con-1993; Yin et al., 1997) and indirect through their activaclusion might be that Twist has a conserved function in tion in their respective ectodermal domains of downsubdividing the mesoderm that involves the repression stream targets such as Engrailed and the signaling moleof a subset of developmental pathways in cells in which cules Hedgehog (eve) and Wingless (slp) (Figure 1 ; it is expressed. Whether the same mechanism is in- Riechmann et al., 1997) .
volved in this repression in vertebrates and in flies reBecause this patterning process depends crucially on mains to be determined. a registration of mesodermal segmentation with ectoWhereas the allocation of mesodermal cells to the dermally derived signaling molecules, it requires an orsomatic muscle lineage in flies requires Twist, this same derly process of mesodermal migration for its execution.
process in vertebrates requires the activity of the myoIn normal development, mesodermal cells migrate to genic regulatory factors, in particular, Myf-5 and MyoD. the most dorsal edge of the ectoderm while maintaining
We refer the reader to the many excellent reviews on their relative positions in the anterior-posterior axis. Muscle diversity is manifested by differences in patterns of gene expression. Muscle marker genes can be expressed in individual muscles (even-skipped and ladybird) or in groups (Krü ppel and vestigial). These subpatterns of expression can be partially overlapping. Some muscle marker genes encode transcriptional regulators (S59 and Krü ppel) whereas others are membrane-associated proteins that are also present in a subset of motorneurons (connectin and Toll). The scheme of the larval abdominal muscles from an external (left panel) and an internal view (right panel) represents the muscles that express each of the marker genes. Dorsal top and anterior left. 1997) as well as extrinsic signals emanating from adjoinfibers) in the fly. In both cases muscles are distinct units with identifiable characteristics, particularly their ing tissues (i.e., Wnts and BMPs; Yun and Wold, 1996; Rawls and Olson, 1997) . In attachments and their innervation. In Drosophila these distinctive characteristics are the attribute of a single addition, embryos lacking both Myf-5 and MyoD do not produce skeletal muscle (Rudnicki et al., 1993) , much myotube and the myoblasts that contribute to it; in vertebrates they are the shared property of the population like fly embryos with reduced levels of Twist (Baylies and Bate, 1996) . Also, just as Twist is able to convert of myotubes that constitute a muscle. The diversity of myotubes within the segment is renonsomatic mesoderm and ectoderm into the somatic muscle fate (Baylies and Bate, 1996) , misexpression of flected in localized patterns of gene expression in individual muscles or subsets of muscles (Figure 2 ; Bate, Myf-5 or MyoD in nonmyogenic cells can convert those cells into skeletal muscle . These patterns of expression are in addition to the generalized expression of the myogenic differentiation Yun and Wold, 1996; Rawls and Olson, 1997) . However, recent analyses suggest that initial activation of gene DMef2, which is a target of Twist (Nguyen et al., 1994; Bour et al., 1995; Lilly et al., 1995; Taylor et al., or MyoD in myotomal cells may mark different subpopulations of myoblasts, those giving rise to the epaxial 1995). DMef2 is required for the completion of myogenesis in all muscles and its role in muscle differentiation muscles or hypaxial muscles, respectively (see reviews above). Interestingly, the MyoD homolog in flies, Nautihas been extensively reviewed (for example, Taylor, 1995) . Here we concentrate on the less well understood lus, is only expressed in a subset of muscle progenitors cells and may contribute to the particular identity of this issue of muscle patterning and the recruitment of myoblasts to form particular muscles. subset of somatic muscles (Abmayr and Keller, 1998 , and see below). It is likely that the way in which these conserved HLH proteins operate in myogenesis has Specifying Individual Muscles Since each muscle is a syncytium formed by the fusion been influenced by the rather different organizational principles that underlie myogenesis in flies and verteof a group of neighboring myoblasts, the general issue is how such a group of myoblasts can be allocated brates that we describe below.
to develop the specific characteristics of an individual muscle. A simple model would assume that there is From Myoblast to Muscle Fiber An important difference between the larval muscles of some mechanism for selecting myoblasts in groups and assigning them to fuse and form a particular kind of Drosophila and muscles of vertebrates that is likely to have had profound consequences for the evolution of fiber. While this is a straightforward explanation, there is so far no evidence in favor of it. In fact, studies of the myogenic pathway is that, in Drosophila, each muscle is a single, multinucleated fiber and is therefore the early patterns of gene expression in muscle-forming mesoderm reveal that single cells initiate the expression developmental equivalent of a primary or secondary myofiber in a vertebrate muscle. Although in the Droof genes characteristic of individual muscles or muscle groups, and that neighboring myoblasts are then resophila larva all of these fibers are thought to be identical physiologically, each fiber is unique in terms of its posicruited to these patterns of expression as they fuse with the originally expressing cells. The first example of such tion, size, sites of attachment, and patterns of innervation (Figure 2 ; Bate, 1993; Bernstein et al., 1993) . The expression was the homeobox containing gene S59, which is finally expressed in a very few muscles in each reason for this diversity of fibers is that the individual myotube in Drosophila is also the functional unit with segment but whose expression begins in a small number of specific cells in muscle-forming mesoderm (Dohrwhich the neuromuscular system operates and hence the mechanical equivalent of the bundle of fibers that mann et al., 1990). Many such genes have now been documented (for examples, see Figure 2 ). Like S59, their constitutes a muscle in a higher vertebrate. There are many different muscles (bundles of fibers) in a verteexpression begins in a few cells at predictable locations in muscle-forming mesoderm, and there is increasing brate, just as there are many different muscles (single evidence (see below) that it is the selective expression founders. Thus, where myoblast fusion fails, the founder myoblasts are revealed as a special class of cells that of such genes that endows each muscle in the pattern with its distinctive properties.
uniquely have access to the information necessary (a) to complete myogenesis and (b) to execute the specific These distinctive patterns of gene expression and the sequence of muscle formation itself suggest an alternaprogram of differentiation characteristic of the muscles whose formation they seed. tive model for the organization of muscle development (Figure 3) . In this view, the formation of each muscle is
The founder myoblasts are the products of distinct lineages that are initiated by the segregation of a special initiated by the specification of a distinctive founder myoblast in muscle-forming mesoderm. The founder class of muscle progenitor cell in muscle-forming mesoderm. Each progenitor divides to give rise to two founder then fuses with neighboring fusion-competent myoblasts, recruiting them to its pattern of gene expression and myoblasts, or a founder and the precursor of an adult muscle ( Figure 3 ; Carmena et al., 1995; Ruiz Gomez forming the syncytial precursor of an individual muscle in the pattern (Figure 3 ; Bate, 1990 Bate, , 1993 . and Bate, 1997; and see below). Interestingly, identical mechanisms are required for the selection of muscle This hypothesis, among other things, puts a great deal of weight on the founders as special cells that have progenitors in mesoderm and neural progenitors (neuroblasts) in neural ectoderm. Thus, progenitors are singled privileged access to the information necessary to form specific muscles. In contrast, the fusion-competent cells out from groups of mesodermal cells that express the proneural gene lethal of scute (l'sc), and this singling are seen as "naive" myoblasts that cannot form muscles independently of the founder cells. A critical test of this out depends on a process of lateral inhibition within the cluster that is mediated by the Notch signaling pathway hypothesis is provided by embryos where myoblast fusion fails. What is the behavior of founders and fusion- (Figure 3 ; Carmena et al., 1995) . The differential expression of transcription factors competent cells under these conditions? The answer, as it turns out, is very clear: in the absence of fusion, such as S59 in subsets of founders and muscles, carries with it the strong implication that such transcription facthe founders form at appropriate locations, express their normal complement of genes, and then go on to differentors are responsible for the development of some or all of the characteristics of individual muscles. Indeed, tiate as tiny, mononucleate muscles (Rushton et al., 1995) . These miniature fibers are properly innervated experiments with two such factors, Apterous (Bourgouin et al., 1992) and Nautilus (Keller et al., 1997) , showed and contractile; in other words they appear to differentiate perfectly normally. The fusion-competent cells on that loss of expression or ectopic expression could cause loss or partial duplication of the muscles that the other hand, which are unable to fuse with the founders, express muscle myosin but remain rounded and would normally express them. Other experiments have demonstrated that if patterns of transcription factor exotherwise undifferentiated; they develop none of the specific characteristics of the muscles they would norpression characteristic of one muscle are switched to those characteristic of another during myogenesis, then mally contribute to and eventually many of them degenerate (Rushton et al., 1995) . It is important to note that the phenotype of the muscle concerned is correspondingly changed (Ruiz Gomez et al., 1997). For example, the only defect in such embryos is a block to myoblast fusion-there is no other defect in the myogenic patha progenitor cell that expresses Krü ppel (Kr) generates a pair of founder cells, one maintaining Kr expression way, which is apparently completed normally by the The central panel shows the patterns of expression of Numb, S59, and Kr during the development of VA1-3 and VaP and the morphology of muscles VA1-3 in wild-type embryos. The divisions of two ventral progenitors that express S59 (red) produce the founders for muscles VA1-3 and the VaP. The most dorsal progenitor, which coexpresses Kr (black; gray indicates low levels), divides first to generate VA1 and VA2 founders. Asymmetric distribution of Numb (green outline) in the progenitors ensures that only one of the sibling founder cells (VA2 and VA3) will receive Numb and ultimately leads to the two cells following alternative fates. Lack of function of Numb (left panel, top) affects the development of all the progenitors. Progenitor divisions generate duplications of fates associated with the absence of Numb: repression of gene expression (in the case shown: VA1 and VaP). Ectopic expression of Numb (left panel, bottom) in the mesoderm produces the opposite effect: duplications of fates associated to the presence of Numb (VA2 and VA3). Lack or excess of function of Kr is only manifested in those muscles where Kr is normally expressed. Maintenance of Kr in VA2 founder confers to muscle VA2 its specific characteristics. In the absence of Kr (right panel, top), VA2 develops as its sibling, VA1, where Kr expression is normally repressed. On the other hand, ectopic expression of Kr (right panel, bottom) affects the development of VA1 such that now it is transformed to the sibling VA2 fate that normally maintains Kr expression.
(founder for muscle VA2) and the other not (founder for S59 that are expressed in the parent progenitor. Thus, Kr and S59 are maintained in one founder cell but not muscle VA1; Figure 4 ). The muscles that arise from these founders (VA2 and VA1) are distinct from one another the other, and this determines the alternative fates of the two muscles concerned. The distinction between as measured by size, shape, and attachment to the epidermis. If Kr is lost from both founders, two identical sibling founder cells depends on the differential distribution of the cytoplasmic protein, Numb, that is asymmetrimuscles resembling VA1 are formed. However, if Kr is maintained in both founders through ectopic exprescally segregated during the division of the progenitor cell Carmena et al., 1998) . sion, the opposite transformation now occurs: two identical muscles with the orientation and insertion sites of Experiments involving loss of Numb and ectopic expression of Numb reveal that the founder to which Numb VA2 are now formed (Figure 4; .
These experiments not only show that local expresis segregated maintains progenitor gene expression whereas the sibling founder, which lacks Numb, loses sion of factors such as Kr in the myogenic lineage can regulate the diversification of muscles, but also provide expression of these genes (Figure 4) . Thus, there appear to be two alternative founder cell states, A and B, in some insight into the way in which such factors may interact with the general myogenic pathway. For examwhich A represents maintenance of progenitor cell gene expression and B represents loss. All muscles appear to ple, these experiments show that loss of Kr leads to loss of expression of other founder cell genes such as be formed as a result of such asymmetric cell divisions. Interestingly, however, not all B fates lead to the forma-S59, yet, together, these losses do not prevent muscle differentiation (Figure 4; . Intion of larval muscles. Specific B cells are allocated to form the precursors of the adult muscles (Ruiz Gomez stead, specific characteristics of the individual muscles in which Kr is normally expressed are dramatically aland Bate, 1997). These cells, unlike their larval counterparts, maintain the expression of Twist, do not differentitered. Thus, Kr acts in concert with the myogenic pathway to define specific muscle .
ate, and proliferate during larval life to form pools of myoblasts from which specific adult muscles will be What we need to know now is what aspects of muscle differentiation are actually controlled by genes such as formed (Bate et al., 1991) . Since Numb appears to act by blocking the activation of Notch (Frise et al., 1996) , these and whether the regulation of these properties is completely separate from the general pathway of myoit is likely that the B fate (including the maintenance of adult precursors in a proliferative, undifferentiated state) genesis, which, in vertebrates, is considered to be under the control of the MyoD family of transcription factors.
requires Notch activation, and that it is the differential activation of Notch in the two founder cells that is reThe experiments with Kr emphasize a general feature of the myogenic pathway in Drosophila, namely that sponsible for their characteristically different patterns of gene expression. progenitor cells divide to give rise to sibling myoblasts that initiate the formation of muscles with alternative fates (Figure 3; Carmena et al., 1995) . The different as-
A Model for Myogenesis in Drosophila
The view of myogenesis that emerges from these studies signments of these sibling cells are reflected in the differential expression in them of genes such as Kr and is that while components of a conserved network of Bate, M. (1990 to be shown how these distinctive properties are inte-R., Taghert, P.H., Abmayr, S.M., and Nguyen, H.T. (1995) . Drosophila MEF2, a transcription factor that is essential for myogenesis. Genes grated with the general pathway of myogenesis. Dev. 9, [730] [731] [732] [733] [734] [735] [736] [737] [738] [739] [740] [741] This model provides us with the clearest framework Bourgouin, C., Lundgren, S.E., and Thomas, J.B. (1992) . apterous for thinking about the local control of myogenesis and is a Drosophila LIM domain gene required for the development of muscle patterning in any organism. Even so, our undera subset of embryonic muscles. Neuron 9, 549-561.
standing is still very incomplete. We need a more com- Carmena, A., Bate, M., and Jimé nez, F. (1995) . lethal of scute, a plete description of how muscle progenitor cells are proneural gene, participates in the specification of muscle progenispecified at particular locations in somatic mesoderm.
tors during Drosophila embryogenesis. Genes Dev. 9, 2373-2383.
We need to know whether the requirement for myoblast trolled and implemented.
